We propose a single cell extraction chip with an open structure, which utilizes vibration-induced whirling flow and a single cell catcher. By applying a circular vibration to a micropillar array spiral pattern, a whirling flow is induced around the micropillars, and target cells are transported towards the single cell catcher placed at the center of the spiral. The single cell catcher is composed of a single-cell-sized hole pattern of thermo-responsive gel. The gel swells at low temperatures (≲32
Introduction
Recent progress in biotechnology and micro-/nano-technology has enabled single cell analysis, which reveals cell heterogeneity in an isogenic cell population [1, 2] and is expected to be applied to regenerative therapy and antibody medicine. To analyze these single cell characteristics, it is necessary to isolate a single cell from the original population to eliminate influences of other cells. Furthermore, to establish the monoclonal colony, which is cloned from an original single cell in isolation from other cells, is especially critical for quality-controlled mass-production in antibody medicine. Therefore, a technology to extract a single cell from the original population and separate it in an isolated area (e.g., a culture well on microtiter plate) is strongly needed.
Currently, fluorescent-activated cell sorters (FACSs) are widely used for extracting a single cell from a large number of cells in a high throughput manner [3, 4] . FACSs employ many components to achieve this performance, such as pumps for cell transport, lasers for cell detection, a piezoelectric actuator for a single-cell-containing droplet generation and a high-voltage electric source for directing the cell onto a microtiter plate. This configuration of many components leads to a large system and requires huge initial costs. Therefore, microfluidic chip for a single cell extraction has been attracting considerable attention recently. One of the biggest advantages of the microfluidic chip is that it can integrate multiple functions into the same chip. In the case of a single cell extraction, a cell transport and extraction mechanism can be integrated on one chip, making the entire system simpler, smaller, and cheaper in terms of initial cost. Moreover, microfabrication technologies allow mass production of such chips, thereby meeting the single use requirement at clinical and biological laboratories to avoid contamination and infection.
Many researchers proposed on-chip single cell separation [5] [6] [7] [8] [9] [10] [11] . Most of this research employed precise fluid control in a closed channel as a single cell separation mechanism and cell transportation towards the separation mechanism. Although they succeeded in separating a single cell in a closed channel on the chip, a single cell extraction from the chip to an external environment has not been successful. This difficulty of extraction is not favorable for cloning and time lapse observation during single cell analysis. The biggest problem is extracting a single cell from a closed chip to an external environment. Using a closed chip, extracting a single cell is difficult because it is easily lost at an interface with the external environment, such as a tube connection. Therefore, an open-structure chip is suitable for a single cell extraction. However, by using an open-structure chip, we cannot utilize flow control in a closed channel as a single cell separation mechanism and cell transport. Thus, a single cell extraction mechanism and cell transport, which can be used even on an open-structure chip, are necessary to realize on-chip single cell extraction.
In this paper, we propose an open-structure chip to realize single cell extraction from a chip to an external environment. We employ vibration-induced whirling flow for cell transport, and a single cell catcher as the single cell extraction mechanism, which can be used even on an open-structure chip. The whirling flow is induced by applying circular vibration to micropillars on the chip and is utilized to gather target cells to the single cell catcher. The single cell catcher is composed of a single cell sized hole pattern of thermo-responsive gel and can catch and release only a single cell from original cell population by means of the swelling and shrinking of the gel. It is controlled by temperature change actuated by turning on and off a microheater fabricated on the chip. The basic concept is described in the second section, and the fabrication process is explained in the third section. Theoretical and experimental analyses are conducted, and the design of the chip is determined in the fourth section. Finally, we perform single cell extraction and summarize the study.
Concept

Cell Transport by Vibration-Induced Whirling Flow
To achieve single cell extraction with an open-structure chip, we have to implement a single cell extraction mechanism, which is described in detail in the next subsection, and a cell transport method to transport target cells to the mechanism. Some cell transport methods, such as optical tweezers [12] [13] [14] , dielectrophoresis (DEP) [15] [16] [17] and surface acoustic wave (SAW) [18, 19] , can be applied to an open-structure chip. Using optical tweezers, a single cell can be manipulated with high positioning accuracy, but the manipulation area is small, approximately 100 µm × 100 µm. Supplying target cells to such a small area manually without any additional manipulators is difficult. DEP can be used for manipulating target cells in a large area by adjusting electrode geometry, but moving the direction and trajectory of cells by DEP is dependent on applied voltage, frequency and cell type. Therefore, different applied voltage and frequency conditions must be applied to different cell types, and this is time-consuming. SAW can utilize standing wave or SAW-induced flow to manipulate cells in both small and large areas. These manipulations are based on fluid force and are independent of the target cell type. However, SAW has to use piezoelectric materials as a substrate, and this leads to a high running cost compared with typical glass and silicon substrates.
Considering the features of the above methods, we focus our attention on a vibration-induced flow around an object on a chip. Many studies on a vibrating object in fluid and its effects on local flow induction were reported [20] [21] [22] [23] . This phenomenon was confirmed even on an open-structure chip ( Figure 1a) . Figure 1a shows the streamline around an SU-8 (Nippon Kayaku Co. Ltd., Tokyo, Japan) micropillar visualized by long time exposure of fluorescent beads. This local whirling flow can be observed by applying circular vibration to the micropillar fabricated chip. The streamline is localized in the vicinity of the micropillar (≃50 µm), and the flow induction has good repeatability even on an open-structure chip. Furthermore, the flow velocity and direction can be modulated by changing the applied vibration frequency and direction. Therefore, this vibration-induced whirling flow can be applied for flow control and manipulation of cells on an open-structure chip. Figure 2 depicts the basic concept of the single cell extraction chip. Cell transport is achieved by the micropillar array and a circular vibration. By applying a circular vibration to the chip, a local whirling flow is induced in the vicinity of each micropillar. If the micropillar pitch is shorter than the flow-induced area thickness, "global" whirling flow can be generated along the micropillar array. Thus, by adjusting the micropillar array pitch and configuration, we can transport target cells to an arbitrary position. For single cell extraction, we employ a spiral pattern (diameter 6 mm) to gather target cells from all directions over a large area towards the center of the spiral. The proposed chip can be used for any type of cell, and it is manufactured from a normal glass substrate with low material cost. 
Single Cell Catcher by Thermo-Responsive Gel Pattern
To extract a single cell, we must first separate a single cell from the original cell population. Then, by removing other cells and transferring the separated single cell to an isolated area, such as a culture well on a microtiter plate, the single cell extraction is achieved. We employ a single cell catcher composed of photoprocessable thermo-responsive gel (bioresist) (Nissan Chemical Industries, Ltd., Tokyo, Japan) [24, 25] as an extraction mechanism to achieve this separation and transfer ( Figure 1b) . The bioresist can be patterned by a photolithography process, and it shrinks at high temperature (≳32
• C), and swells at low temperature (≲32 • C). Therefore, by dropping target cells into a single cell sized hole pattern of the bioresist under heating, a single cell can be trapped in the hole. When we turn off heating and the single cell catcher cools below ≈32 • C, the trapped single cell is securely caught by the swelling bioresist. Other cells can be removed by washing the chip while the cell is caught by the single cell catcher. Then, the single cell catcher is shrunk again by heating, and the caught cell can be released into an external culture well by opening the hole. Therefore, single cell extraction can be achieved using the single cell catcher.
Concept of Single Cell Extraction System
The basic concept of the single cell extraction chip is depicted in Figure 3 . The system consists of a single cell extraction chip with an open structure, an actuator for applying circular vibration and a microscope for observation. The micropillar spiral pattern, single cell catcher and microheater are integrated on the single cell extraction chip. In this study, circular vibration is applied to the chip by independent XY piezoelectric actuators, and the single cell catcher is heated by the microheater on the chip.
Using this system, a single cell extraction can be achieved by the following steps: (i) Transport: Drop a sample cell suspension on the chip, and apply circular vibration ( Figure 3b ). Circular vibration induces a global whirling flow directed towards the center of the spiral, and the dropped cells are transported there. By turning on the microheater, the hole of the single cell catcher is opened. When the single cell transported to the center of the hole is detected by the microscope, the circular vibration is turned off and the single cell is trapped in the hole.
(ii) Catch: Turn off the microheater to swell the single cell catcher. The single cell catcher is cooled by the ambient temperature, and the trapped cell is caught by the swelled single cell catcher. Then, cells that have not been caught are removed by washing the chip with phosphate buffered saline.
(iii) Release: Prepare a microtiter plate and fill the wells on the plate with culture medium. Put the inverted single cell extraction chip on the wells and turn on the microheater (Figure 3c ). The single cell catcher is shrunk again by the heating, and the caught cell is released into the well. Thus, the single cell extraction is achieved by the proposed chip.
In this study, we connected two independent XZ piezoelectric actuators (AE0505D08DF, MESS-TEK Co., Ltd., Saitama, Japan) to a chip mount (see the experimental setup in Figure 3b ). The single cell extraction chip is fixed by adhesive on the chip mount and circular vibrations were created by applying sinusoidal input signals to piezoelectric actuators with 90 or 270 degrees phase difference. All applied voltage in this study is 100 V and the actual vibration amplitude was 4.7 µm, which was measured at 200 Hz by high-speed camera (VW-6000, Keyence Corporation, Osaka, Japan).
Since most functions for single cell extraction are integrated on the chip, the entire system is simplified, free of any pumps, lasers or micromanipulators. Furthermore, the set of the micropillar array, bioresist and microheater can be arrayed on the chip. Thus, we can adjust the geometry of the set to match the geometry of the culture well with that of the microtiter plate, and parallel single cell extraction can be performed simultaneously. 
Fabrication Process
The fabrication process of the single cell extraction chip is shown in Figure 4a . The process consists of microheater patterning, bioresist patterning, and micropillar patterning. The detailed process flow is explained as follows.
1. Sputtering of Cr/Au on a glass substrate.
2. Spin coating of OFPR (Tokyo Ohka Kogyo Co. Ltd., Tokyo, Japan) on the sputtered Cr/Au layer. A fabricated chip photograph and scanning electron microscope (SEM) image are shown in Figure 4b ,c, respectively, demonstrating that we succeeded in fabricating the proposed chip. 
Analysis and Design
Analysis of Vibration-Induced Local Whirling Flow
To design a micropillar array pattern, we analyze the vibration-induced local whirling flow phenomenon theoretically. Many theoretical and experimental studies on vibrating obstacles in fluids were reported [20, 21] , and recently, some applications on a chip were proposed [22, 23] . In this paper, we employ the model used in Holtsmark's study [20] , but apply boundary conditions of circular vibration that are dissimilar from those in his study for single axis vibration.
The basic differential equations for the motion of an incompressible viscous fluid in two-dimensional space can be written as
Here, ψ is a stream function, η is the kinematic viscosity, v is the velocity vector, u and v are the velocity components in the x and y directions, respectively. We first solve the equation by assuming that the convection term in the right side is smaller than other terms.
indicates the solution of zeroth order Equation (3). Under a circular vibration
, the boundary conditions at the surface of the micropillar and at infinite distance from the micropillar can be written as follows (see the coordinate system setting in Figure 5a ). We assume that the fluid obeys applied vibration at an infinite distance from the micropillar.
In these equations, v r and v θ are the velocity components in the r and θ directions, respectively, a is the radius of the micropillar, A 0 is the amplitude of vibration and ω is the angular frequency of the vibration (Figure 5a ). The positive (negative) sign of the phase indicates anticlockwise (clockwise) circular vibration. Solving this zeroth order equations, we acquire the zeroth order solution.
Hereafter, we introduce X, Y, Z and C as abbreviations of radial functions expressed by first kind Hankel functions H
0 , H
1 , H
2 .
Then, we use the method of successive approximation to treat the nonlinear convection term in Equation (1) . By substituting zeroth order solution into the right side of Equation (1), the first order equation can be acquired.
By performing some calculations, we acquire the following equations of the first order approximation of the stream function ψ (1) [20] .
The upper sign in Equation (11) corresponds to the case of phase +π, and the lower sign corresponds to the case of phase −π. The first term on the right side of Equation (11) expresses steady flow, whereas others express oscillating flow. We only treat the steady term afterwards because we are now interested in steady flow that contributes to long term phenomena, such as cell transportations. By solving Equation (11), we obtain the steady term of the stream function ψ
st .
( 1 48
From these equations and the relationship between the stream function and velocity
we plotted the velocity around a micropillar of radius a = 25 µm with various frequencies (Figure 5c-e) . The applied vibration is anticlockwise, amplitude A 0 = 5 µm, and frequency is f = 50, 100, or 200 Hz. All numerical calculations were conducted using MATLAB R2012a (MathWorks Inc., Natick, MA, USA). From Equation (12), the maximum velocity is strongly dependent on the frequency ω. This is confirmed numerically and experimentally, as shown in Figure 5b . The experimental values were obtained by particle tracking of 10 µm polystyrene microbeads. The experimental results are qualitatively in agreement with the theoretical results. However, when the applied frequency increases, the maximum velocity of the experimental result becomes lower than its theoretical value because of the use of finite-size microbeads. The calculated theoretical values are only for the stream velocity and do not consider the fluid resistance that the finite-size microbeads must receive. Therefore, the experimental values are lower than the theoretical ones. The difference becomes more obvious when the velocity increases. However, considering cell transport by using vibration-induced flow, this experimental value with 10 µm microbeads, similar in size to target cells, is suitable for basic analysis of the design. Additionally, flow-induced areas differ widely by frequency. This area can be estimated as a boundary layer thickness, δ ≈ (η/ω) 1/2 . Although higher frequency is favorable for faster cell transport, these boundary layer thicknesses become thinner as the transport area becomes smaller. Therefore, we have to design a micropillar array configuration while considering the applicable frequency and boundary layer thickness, as we will describe in next subsection. Furthermore, the double sign in Equation (14) indicates that the sign of the stream function as well as the direction of the induced flow can be controlled by the applied vibration direction.
From theoretical and experimental studies, we have confirmed that vibration-induced whirling flow can readily control flow velocity and direction. Therefore, it can be used for flow control and cell transport on the proposed open-structure single cell extraction chip.
Design of the Micropillar Array for Cell Transport
From the results of the theoretical and experimental studies, we determine the design of the spiral pattern of the micropillar array for cell transport. As shown in Figure 6a , the design parameters of the micropillar array are pillar diameter (2a), pillar pitch (P), transport channel width (W) and pillar height (H). In this study, a Madin-Darby canine kidney (MDCK) cell, with a size varying from 10 to 20 µm, is used as the target cell. First, we determine the micropillar height H = 50 µm and pitch P = 10 µm, so that target cells with size 10-20 µm can be easily transported and do not travel in between micropillars. From Equation (12) , micropillar radius a does not strongly affect the flow velocity compared with the distance from the micropillar surface. Therefore, we determine the micropillar radius a = 25 µm (aspect ratio = 1.0) by considering the processability. The most important parameter is the channel width W, and we determine it experimentally as follows.
In the present system, circular vibration can be stably applied up to 200 Hz. We use this frequency for faster cell transport, and the boundary thickness is δ ≈ 60 µm at this frequency. Considering this value, channel width W = 120 µm is thought to be favorable for cell transport because the entire channel area is occupied by vibration-induced flow. Narrower or wider channels are not good due to interference with the flow-induced area or inability to cover the channel center by the induced flow. We experimentally confirm this by varying the channel widths at W = 60 (δ), 120 (2δ) and 180 (3δ) µm. Figure 6b -d indicate the streamline in the channel of widths W = 60, 120 and 180 µm, respectively, visualized by long-term exposure of fluorescent beads. In Figure 6b ,c, the flow velocity at the center of the channel is approximately zero because of the interference of the flow from both sides of the channel. The stagnation layer thickness is approximately 20 µm for both cases. For W = 180 µm (Figure 6d) , the flow velocity at the center of the channel is approximately zero similar to the other W. However, the stagnation layer thickness is approximately 100 µm , which is larger than the case of other W because the vibration-induced flow cannot cover such a wide channel. Our expectation is confirmed experimentally, and we set W = 120 µm to obtain a wider transport channel.
Design of the Single Cell Catcher
Next, we determine the design of the single cell catcher. The design parameters of the single cell catcher are a hole diameter D and pattern width W b (Figure 7a ). Hole diameter D is determined so as to catch only a single cell. Since the target cell size is 10-20 µm, the diameter is determined to be 25 µm. Pattern width W b is related to the expansion rate of the cell catcher, as shown in Figure 7b . The wider the pattern width becomes, the more the expansion rate increases. On the other hand, the single cell catcher is integrated on a chip with the micropillar array. Thus, a very large single cell catcher is not favorable, as it results in patterning interference with the micropillars. Therefore, we evaluate the temperature characteristics of the expansion of single cell catchers with various pattern widths. Figure 7c shows the temperature characteristics of single cell catchers with W b = 10, 30, 50 and 100 µm. Figure 7c indicates that the single cell catchers with W b = 10 and 30 µm are not completely closed, even at 20
• C. On the other hand, the cell catcher with W b = 100 µm is completely closed at 27
• C, which is higher than typical room temperature. This feature is suitable for single cell extraction at room temperature. Therefore, we determined the pattern width to be W b = 100 µm. 
Results and Discussion
Finally, we perform single cell extraction using the proposed chip. Target cells were cultured on cell culture dish (Nunclon, Thermo Fisher Scientific K.K., Yokohama, Japan) with Dulbecco minimum essential medium eagle (EMEM) with 10% fetal bovine serum (FBS). These cells were treated with trypsin to acquire a cell suspension just before the experiments. Concentration of the cell suspension was adjusted to 5 × 10 3 cells/mL and stored at 4 • C during experiments. 100 µL samples were dropped onto the chip by micropipette in each trial. All processes of the single cell extraction were conducted at room temperature. Target cell transport over 10 s with a 1 s time period between successive images is shown in Figure 8a . Target cells are transported along the spiral pattern of the micropillar array towards the single cell catcher at the center of the spiral. The transported cells are gathered on the single cell catcher. Once the microscope detects a single cell in the hole of the bioresist cell catcher, the circular vibration is turned off, and the single cell is trapped by the hole (upper part of Figure 8b) . Then, the microheater is turned off, and the swelling bioresist successfully catches the single cell (lower part of Figure 8b ). Figure 8c ,d show the top and cross-sectional images (taken by a confocal fluorescent microscope) of the caught cell before and after swelling, respectively. For this observation, the bioresist was stained with rhodamine B (Sigma-Aldrich Co. Llc., St. Louis, MO, USA), and MDCK cells were stained with Calcein-AM (Dojindo Laboratories Co. Ltd., Tokyo, Japan). The single cell was securely caught by the swelling bioresist (Figure 8d) , and it continued to be held even after washing the chip.
We performed 30 trials of single cell extraction with prepared cell suspension. Cell transport towards the hole of the single cell catcher typically took 1-3 min, and catching took 3-5 min in the trials. The whole process took less than 10 min for all trials. We succeeded in catching a single cell 30 times under microscopic observations (success rate: 100%), and we succeeded 18 times in releasing the single cell into the culture well on commercial microtiter plate (success rate: 60%). On the other hand, we did not succeed in catching a single cell without circular vibration with this sample concentration, even after at least 108 times trials.
We confirmed the extracted cell viability with a live/dead cell viability kit (Life technologies Co. Ltd., Taipei, Taiwan) after an 8 h incubation. The extracted cells were incubated in 96 well microtiter plate (Nuclon delta surface, Thermo Fisher Scientific K.K.) by using EMEM + 10% FBS in 37
• C, 5% CO 2 environment. To confirm the effect of the extraction process, we prepared control samples and evaluate the viability. The control samples were divided separately from a same cell suspension for the experimental samples. The control samples were stored under the same condition with the experimental samples (4 • C) during the experiments. After the experiments, approximately 4 h later after trypsin treatment in the first step, the control samples were incubated at the same condition as the experimental samples. Eleven cells (61% of extracted cells) indicated live signals, and 7 cells (39% of extracted cells) indicated dead signals. These values are not so different from the control samples, of which 71% were live and 29% were dead (N = 96). Therefore, the cell damage by the proposed single cell extraction method is not significant.
Conclusions
We proposed a single cell extraction chip with an open structure by utilizing vibration-induced flow and a single cell catcher composed of a thermo-responsive gel pattern. By applying circular vibration to the spiral micropillar array on the chip, whirling flow was induced and target cells were transported to the single cell catcher at the center of the spiral. The single cell catcher can be shrunk and swelled by the heating of a microheater, and the swelled catcher can catch the single cell transported by the vibration-induced flow. Finally, we conducted a single cell extraction with the proposed system and obtained a 60% success rate, of which 61% of the cells were live after incubation. Thus, the effectiveness of the on-chip single cell extraction was confirmed.
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